Abstract The oil in mackerel muscle was extracted using an environmental friendly solvent, supercritical carbon dioxide (SC-CO 2 ) at a semi-batch flow extraction process and an nhexane. The SC-CO 2 was carried out at temperature 45°C and pressures ranging from 15 to 25 MPa. The flow rate of CO 2 (27 g/min) was constant at the entire extraction period of 2 h. The highest oil extracted residues after SC-CO 2 extraction was used for activity measurement of digestive enzymes. Four digestive enzymes were found in water soluble extracts after n-hexane and SC-CO 2 treated samples. Amylase, lipase and trypsin activities were higher in water soluble extracts after SC-CO 2 treated samples except protease. Among the four digestive enzymes, the activity of amylase was highest and the value was 44.57 uM/min/mg of protein. The water soluble extracts of SC-CO 2 and n-hexane treated mackerel samples showed same alkaline optimum pH and pH stability for each of the digestive enzymes. Optimum temperature of amylase, lipase, protease and trypsin was 40, 50, 60 and 30°C, respectively of both extracts. More than 80 % temperature stability of amylase, lipase, protease and trypsin were retained at mentioned optimum temperature in water soluble extracts of both treated samples. Based on protein patterns, prominent protein band showed in water soluble extracts after SC-CO 2 treated samples indicates no denaturation of protein than untreated and n-hexane.
Introduction
For higher efficiency of enzyme isolation, lipid removal is needed from the sample. Conventional methods for removal of oil from fish involve cooking, pressing, and/or liquid extraction. Removal of lipids with organic solvents causes protein denaturation and loss of functional properties (Pariser et al. 1978) . Supercritical fluid extraction (SFE) is an efficient alternative for the extraction of natural substances from foods (Mendes et al. 2003; Sun and Temelli 2006) . In recent years, the use of SFE for the removal of organic compounds from different liquid and solid matrices has been attracted much attention. This technique has some advantages over more conventional separation techniques, largely due to the unique physical properties of SFs. A SF separation process using carbon dioxide as the solvent offers potential advantages because it is non-flammable, non-toxic, inert to most materials, inexpensive, and can be used under mild operational conditions (Ge et al. 2002) . Supercritical carbon dioxide has been used for extraction of lipid from different marine organisms (Yamaguchi et al. 1986; Temelli et al. 1995; Park et al. 2008) . But attentions are getting increased on the protein after lipid separation using SC-CO 2 extraction.
Mackerel belongs to the family of Scombridae, and it is abundant in cold and temperate shelf areas. It contains a lot of protein, essential amino acid, lipid and many kinds of biological active compound. Various digestive enzymes are naturally present in fish. In recent years, recovery and characterization of enzymes from fish and aquatic invertebrates has gained importance and this has led to the emergence of some interesting new applications of these enzymes in food processing (Shahidi and Janak-Kamil 2001; Uddin et al. 2009; Abdelkarder et al. 2012) .
Enzymes are large biological molecules which can function uniquely to control process time, enhance flavour, improve texture, extend shelf life and decrease the use of chemical food additives. Enzymes have been used as processing aids in various food related industries for a long time (Simpson et al. 1991; Vilhelmsson 1997) . Digestive enzymes have also many other important applications for different food related industries. Amylase is commonly used in brewing and wine making, processed foods and other commercially available food supplements (Kubrak 2007) . Lipolytic enzymes are currently attracting for their biotechnological potentiality. They constitute the most important group of biocatalysts for biotechnological applications. Some of the industrially important chemicals manufactured from fats and oils by chemical processes could be produced by lipases with greater rapidity and better specificity under mild conditions (Vulfson 1994) . Proteases execute a large variety of functions and have important biotechnological applications and widely used in detergent industries, dairy industries and meat industries. The applications of proteases in medical industries are also growing widely (Djamel et al. 2009 ). Trypsin is a well-studied serineprotease having a lysine or arginine residue (Perona and Craick 1995) which is used in the food industries as a baking enzyme to improve the workability of dough, to improve the texture of fish products and to control aroma formation in cheese and milk products.
Therefore, the aim of this study was to measure the digestive enzyme activities and characterizes the digestive enzymes from de-oiled mackerel muscle after lipid extraction using SC-CO 2 and n-hexane.
Materials and methods
Materials Mackerel was collected from Busan Cooperative Fish Market (Seo-gu, Busan, Korea). The muscle was separated by mechanically and washed thoroughly with cold distilled water in the laboratory. Pure carbon dioxide (99.99 %) was supplied by KOSEM (Sangbuk-myeon Yangsan, Korea). All other chemicals used in this study were of analytical or HPLC grade.
Sample preparation The mackerel muscle was dried in a freeze-dryer for about 72 h. The dried samples were crushed by a mechanical blender (PN, SMKA-4000, Ansan, Korea). These samples called freeze dried mackerel muscle were then stored at −20°C prior to SC-CO 2 and n-hexane extraction.
SC-CO 2 extraction
The set up of a laboratory scale of supercritical fluid extraction (SFE) process is shown in Fig. 1 . Exactly, 20 g of freeze dried raw mackerel muscle was loaded into the stainless steel extraction vessel which was 200 mL in volume. A thin layer of cotton was placed at the bottom of the extraction vessel. Before plugging with cap another layer of cotton was used at the top of the sample. CO 2 was pumped at constant pressure into the extraction vessel by high pressure pump (Milroyal, Milton Roy, USA) up to the desired pressure. A back pressure regulator was used to control the pressure of CO 2 . The extraction temperature was maintained by connecting the extraction vessel with water bath. Flow rates and accumulated gas volume passing through the apparatus were measured using a gas flow meter (Shinagawa, Tokyo, Japan). After SC-CO 2 extraction, the mackerel muscle residues remaining in the vessel was stored at −20°C until further use and analysis. Mackerel muscle was extracted at temperature 45°C and pressure ranging from 15 to 25 MPa for 2 h using SC-CO 2 . The flow rate of CO 2 was kept constant at 27 g/min for all extraction conditions. n-Hexane extraction The extraction was carried out using hexane as solvent. Exactly, 40 g of freeze dried raw mackerel muscle with 200 mL hexane was placed into the beaker and stirred 20 h by a magnetic stirrer at 45°C and 300 rpm. After extraction, the hexane solution was filtered by a filter paper and then evaporated in a rotary vacuum evaporator (EYELA N-1100, Tokyo, Japan) at 40°C. The remaining residue was dried using dry oven at 40°C for 6 h and then residues and oil was stored at −20°C until further use and analysis.
Water soluble extract preparation The highest oil extracted mackerel muscle residues after SC-CO 2 extraction and residues after n-hexane extraction were homogenized in cold distilled water (1 g sample/7 mL of water) by mechanical stirring at 4°C for 2 h. The samples were then centrifuged at 7,500 rpm for 15 min at 4°C. The supernatants were collected and stored at −20°C. These samples called water soluble extracts which were used for protein estimation, digestive enzyme activity measurement and their characterization.
Measurement of protein content in water soluble extract The protein content of the water soluble extract was assayed according to the method of Lowry et al. (1951) . Bovine serum albumin (mg/mL) as a standard was used to construct a standard calibration curve.
Digestive enzyme assay of water soluble extract Amylase assay Amylase activity was determined by the dinitrosalicylic (DNS) acid method (Miller 1959) . The test tube containing 0.5 mL of water soluble extract which is equilibrated at 37°C for 5 min and 0.5 mL of 1.0 % (w/v) potato starch (Sigma Chemical Co., St. Louis, Mo., USA) in 0.016 M sodium acetate buffer (pH 6.0) was incubated at 37°C for 10 min. After incubation, 1 mL of DNS solution was added in each tube. All tubes were heated at boiling water bath for 5 min to stop the reaction. After cooling, 10 mL of distilled water was added and mixed well. Absorbance was taken at 540 nm. One unit of amylase activity was defined as the amount of enzyme that released 1 μmol (uM) of reducing end groups per minute. D-glucose was used to construct a standard calibration curve.
Lipase assay Lipase activity was assayed by the modified method of Uddin et al. (2009) . The substrate emulsions were prepared by drop wise addition of 0.2 mL solution A (40 mg of p-nitrophenyl laurate was dissolved in 12.0 mL of isopropanol) into 3.0 mL of solution B (0.4 g Triton X-100 and 0.1 g Gum Arabic were dissolved in 90 mL of 0.1 M potassium phosphate buffer, pH 7.5) under intense vortexing. These emulsions were stable for 1 h at room temperature. 0.2 mL of water soluble extract was added to 3.2 mL of the substrate emulsion and the mixture was incubated for 10 min in a shaking water bath at 37°C. The reaction was terminated by boiling for 5 min. After centrifugation at 3,000 rpm for 15 min, the absorbance of the clear supernatant was measured at 410 nm. The mixture with 0.2 mL of the inactivate enzyme extract (heated at 100°C for 5 min) was used as a control. One unit of enzyme activity was defined as the amount of enzyme required for the liberation of 1 μmol (uM) p-nitrophenol from p-nitrophenyl laurate per minute under the assay conditions. Protease assay Protease activity was assayed by the casein Folin-Ciocalteau method (Oda and Murao 1974) with slight modification. 1.14 % casein solution in 0.1 M glycine-NaOH buffer (pH 9.6) was used as a substrate. Water soluble extract (0.5 mL) was mixed with 2.0 mL of substrate and it was incubated for 10 min at 37°C. The reaction was stopped by the addition of 2.5 mL of 0.44 M trichloroacetic acid (TCA) solution and settled down for 20 min. Then the sample was centrifuged for 10 min at 3,000 rpm. The supernatant was mixed with 2.5 mL of 0.5 M Na 2 CO 3 and 0.5 mL of 2 N Folin-Ciocalteu reagents. The solution was kept in incubator at 37°C for 20 min for colour developed and absorbance was measured at 660 nm (UVIKON 933, Kontron Instruments). One unit of protease activity was defined as the amount of enzyme required for liberating 1 μmol of tyrosine per min from casein. Tyrosine was used to construct a calibration curve.
Trypsin assay Trypsin activity was measured by the modified method of Bergmeyer et al. (1974) . 0.25 mM Nα-benzoyl-Larginine ethyl ester in 67 mM sodium phosphate buffer, pH 7.6 was used as substrate. The water soluble extract (0.2 mL) was added to 3.0 mL of the substrate solution and the mixture was incubated at 35°C for 10 min in a water bath. The reaction was terminated by boiling for 5 min. After cooling, the sample was centrifuged at 3,000 rpm for 10 min and the absorbance of the clear supernatant was measured at 253 nm. 0.2 mL of 1 mM hydrochloric acid solution instead of crude extract was used as a blank. One unit of enzyme activity was defined as the amount of enzyme required for the liberation of 1 μmol (uM) Nα-benzoyl-L-arginine from Nα-benzoyl-L-arginine ethyl ester per minute under the assay conditions.
Optimum pH and pH stability of amylase, lipase, protease and trypsin Different buffers of wide range of pH values were used to evaluate the effect of pH on digestive enzyme activity. The buffers used were 0.1 M citric acid-sodium citrate (pH 46 ), 0.1 M potassium phosphate (pH 7~8.5) and 0.1 M glycineNaOH (pH 10~12). The pH stability was measured by 12 h pre-incubation of the water soluble enzyme extract in buffers that had the same ionic concentrations at different pH values ranging from 4.0 to 12.0 at 4°C. The enzyme activities were measured immediately after this treatment with the standard methods as mentioned above.
Optimum temperature and temperature stability of amylase, lipase, protease and trypsin For the effect of optimum temperature on digestive enzyme in water soluble extract used different buffers such as potassium phosphate (0.1 M, pH 8.5) buffer for amylase, lipase and protease and 0.1 M glycineNaOH (pH 10) buffer for trypsin. Enzyme activity was determined by performing the standard assay as mentioned within a temperature range of 20~80°C. Temperature stability was measured by incubation of water soluble enzyme extract at temperature ranging from 20 to 80°C for 2 h in a constant temperature of water bath. After treatment, the residual enzyme activities were analyzed under standard assay conditions as mentioned above.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) SDS-PAGE of water soluble extracts were carried out by the method of Laemmli (1970) using 4.4 % (w/v) stacking gel and 10 % (w/v) separating gel. Water soluble extracts were mixed with sample buffer at the ratio of 1:2 (v/v). Then 10 μL of the sample was loaded in each well. Electrophoresis was performed using a Mini-Protein III cell module (Bio-Rad Laboratories, CA, USA) at a constant voltage (30 mA for 1.5 h). Molecular weight markers (Sigma Chemical Co., St. Louis, Mo., USA) were used to estimate the molecular weight of protein.
Statistical analysis All experiments were carried out in triplicate. The data were expressed to analysis of variance (ANOVA) and the differences between means were evaluated by Duncan's multiple range test. SPSS statistics programme (SPSS version 15.0 for windows, SPSS Inc., Chicago, IL, USA) was used for data analysis.
Results and discussion
Total oil extraction The extraction curves of mackerel muscle oil by SC-CO 2 at temperature 45°C and pressure ranging from 15 to 25 MPa are shown in Fig. 2 . The highest oil obtained by SC-CO 2 extraction was 4.00±0.11 g/20 g of mackerel muscle at temperature 45°C and pressure 25 MPa. At constant temperature, the amount of oil extracted from mackerel muscle was increased with increasing pressure. Due to the increase in pressure, the density of SC-CO 2 was increased and hence the solvating power. The effect of pressure can be attributed to the increase in solvent power and by the strengthening of intermolecular physical interactions (Morita and Kajimoto 1990) . The total amount of oil obtained by SC-CO 2 extraction was 20.00±0.54 % at 45°C and 25 MPa while the oil obtained from mackerel muscle by hexane was 25.62 ± 0.62 % (data not shown). The observed difference in maximum yield may have been due to variations in the processing unit, operating conditions and so on. Protein yield in water soluble extract The protein content in water soluble extract from freeze dried, SC-CO 2 extracted at temperature 45°C and pressure 25 MPa and hexane extracted residues are shown in Table 1 . It was found that the water soluble extract of SC-CO 2 extracted residues contained more protein than freeze dried residues and hexane extracted residues. These occurrences can be happened that presence of lipid in the raw materials made them less accessible to water and due to the long time hexane extraction, protein concentration in residues may be reduced. Pariser et al. (1978) reported that protein denaturation is occurred by the removal of lipids with conventional liquid solvents. The protein yield in water soluble extract from freeze dried, SC-CO 2 and hexane extracted residues were 5.02±0.07, 9.28±0.09 and 6.53±0.06 mg/mL, respectively.
Digestive enzyme activities The activities of amylase, lipase, protease and trypsin of SC-CO 2 and hexane treated water soluble extracts of mackerel muscle are shown in Fig. 3a-d . Among the four digestive enzymes, the activity of amylase was highest. Protease activity was slightly higher in n-hexane treated sample than SC-CO 2 and the activities of amylase, lipase and trypsin were higher in SC-CO 2 treated samples compared to n-hexane treated samples. This may have resulted from a loss of digestive enzyme activity in mackerel samples by the n-hexane treatment. This means enzymes are not stable in the presence of organic solvent and are susceptible to denaturation. Some authors reported similar observation (Ogino et al. 1994) .
Optimum pH The optimum pH of amylase, lipase, protease and trypsin are shown in Fig. 4a-d . The activities of amylase in the SC-CO 2 and hexane treated water soluble extracts of mackerel muscle were maximal at pH 8.5. An optimum pH of 7~11 was reported for amylase obtained from the Siamese fighting fish (Karun et al. 2010) . The water soluble extract of both treated mackerel was found optimum lipolytic activity at pH 8.5. The optimum pH 7~11 for lipase activities were reported for fish and other sources (Kumar et al. 2005; Uddin et al. 2009; Karun et al. 2010 ). The highest proteolytic activity of water soluble extracts after SC-CO 2 and hexane treated mackerel was found at alkaline pH 8.5. High protease activities at pH ranging from 8.0 to 10.0 have also been reported in several fish species (Eshel et al. 1993 ; Hidalgo 1999; Poonsuk and Thiraratana 2008) . Low protease activities were found in acidic pH. Among the acidic pH, the protease activity was high at pH 6. This indicates that the water soluble extracts of mackerel contained both acidic and alkaline proteases. Similar results were found by Natalia et al. (2004) from carnivorous ornamental fish and Uddin et al. (2009) from squid viscera. The trypsin in water soluble extracts showed maximal hydrolytic activity at alkaline pH 10 from both treated mackerel residues. The activity of trypsin decreased at pH 11 and 65 % of activity was remained of that pH, probably as a result of the denaturation of enzyme. The alkaline proteinase, trypsin from the intestine of nile tilapia and bigeye snapper showed high activity at pH range of 7~10 and 8~11, respectively (Bezerra et al. 2005; Pham and Soottawat 2006) . In the water soluble extracts of SC-CO 2 and hexane treated mackerel residues, pH differences effect on digestive enzyme activities were not significant.
pH stability Figure 5a -d shows the pH stability of digestive enzymes of water soluble extract from SC-CO 2 and n-hexane treated mackerel residues. Amylase activity was retained more than 88 % activity at pH 6.0 and 8.5-10.0 from mackerel extracts. Noman et al. (2006) and Uddin et al. (2009) reported that more than 80 % and almost 90 % amylase activity was retained at the pH range of 6.0~8.0 and 6.0~8.5, respectively of Pachyrhizus erosus L. tuber and squid viscera, which was almost similar to mackerel muscle residues. Lipase was stable within a pH range of 8.5-10.0 in water soluble mackerel extract, where more than 85 % activity was retained. Kumar et al. (2005) and Aryee et al. (2007) reported that the stability of lipase was at pH range of 8.0~10.5 with 75 % activity of Bacillus coagulans BTS-3 and pH of 7.0~10.0 with 70 % activity of grey mullet, respectively. From water soluble extract of mackerel, protease activities were found more than 86 % of its original value, in the range of pH 7.0~8.5 and then decreased with increasing pH. The pH stability of water soluble extracts of tuna and squid viscera were reported to be in the range of 9.0~11.0 and 8.0~10.5, where more than 90 % activity was retained (Parsertsan et al. 2001; Uddin et al. 2009 ). Trypsin stability of mackerel extract was in alkaline pH range of 8.0~10.0, above 85 % activity were retained of that pH. However, pH stability was decreased in acidic conditions. At acidic pHs, the conformational changes of enzyme took place and enzyme could not bind to the substrate properly (Klomklao et al. 2006) . Trypsin from pyloric caeca of bigeye snapper was stable in the neutral and alkaline pH range of 71 2 with more than 90 % activity (Pham and Soottawat 2006) . However, pH stability of all digestive enzymes in mackerel muscle extract from SC-CO 2 and hexane treated was identical.
Optimum temperature The maximum activities of amylase, lipase, protease and trypsin in both SC-CO 2 and n-hexane treated mackerel water soluble extracts were found at the temperature of 40, 50, 60 and 30°C, respectively shown in Fig. 6a-d . The optimum temperature for amylase in the water soluble extract of tuber and squid viscera was 37°C (Noman et al. 2006; Uddin et al. 2009 ) which is slightly lower than mackerel extract. Karun et al. (2010) reported that optimum lipase activity was found at 40°C from Siamese fighting fish which was lower than mackerel extract. The optimum temperature of protease from tampaqui waste was 60°C (Espósito et al. 2009 ) which was similar compared to mackerel protease. The optimal temperature of trypsin in mackerel muscle was lower than those of cod, capelin, anchovy and sardine, which ranged from 40 to 45°C (Murakami and Noda 1981; Simpson and Haard 1984; Martinez et al. 1988 ). The differences in temperature optima may be due to several factors including different living temperatures, extracts from different sources, the different substrates used for measurements since different substrate may exhibit temperature activity differences with enzymes.
Temperature stability Temperature stability of amylase, lipase, protease and trypsin in SC-CO 2 and n-hexane treated mackerel extracts are shown in Fig. 7a-d . For amylase, more than 90 % of activities in mackerel extract were found up to 40°C. Noman et al. (2006) and Uddin et al. (2009) reported that temperature stability of α-amylase from tuber and squid viscera were 80 % up to 40°C which was lower compared to mackerel amylase. The water soluble extracts of mackerel retained above 90 % lipase activity up to 50°C. Above 70 % of lipase activity in viscera of grey mullet was retained up to 50°C (Aryee et al. 2007) . At same temperature residual lipase activity was high in extract of mackerel residues than grey mullet. This might be happened due to very little change of conformation or properties of active site by temperature and high pressure during extraction by SC-CO 2 . The protease activities of SC-CO 2 and n-hexane treated mackerel extracts were remained above 86 % up to 60°C. Uddin et al. (2009) and Espósito et al. (2009) reported that the protease from fish waste retained about 85 and 86 % of activities up to 60°C which was similar to mackerel residues. More than 80 % trypsin activity was retained up to 40°C in mackerel extracts but lost its activity rapidly at temperatures above 40°C. At high temperature, the enzyme possibly underwent denaturation and lost its activity. Abdelkarder et al. (2012) reported similar observation. Trypsin from the Atlantic blue crab was stable at a temperature ranging from 30 to 50°C for 30 min (Dendinger and O'Connor 1990) . Similar temperature stability of all digestive enzymes was observed from SC-CO 2 and hexane treated mackerel muscle extract.
SDS-PAGE
The gel electrophoresis of marker protein and the water soluble extract of freeze dried raw, SC-CO 2 and hexane treated mackerel muscle are shown in Fig. 8 . Different size of molecular weight of protein was observed after SDS-PAGE. The proteins in freeze dried raw mackerel were almost similar in subunit composition to SC-CO 2 and hexane treated residues. After observing the gel banding patterns, protein band was more and prominent in SC-CO 2 treated samples than freeze dried raw and n-hexane treated mackerel residues. From this observation it can be concluded that protein concentration in the solution was high after removal of lipid using SC-CO 2 and protein denaturation was not found in SC-CO 2 treated mackerel sample. Similar results have been reported in SC-CO 2 extracted squid viscera residues and krill residues (Uddin et al. 2009; Abdelkarder et al. 2012) .
Conclusion
Protein concentration and digestive enzyme activities of SC-CO 2 treated mackerel muscle residues increased as compared to n-hexane treated residues. Enzyme activities were changed using different pH and temperature. Alkaline optimum pH and pH stability, high optimum temperature and higher temperature stability showed all of the digestive enzymes. Denaturation of protein was not found in SC-CO 2 treated samples. Thermally stable compounds are highly attractive for economical purposes. Therefore, SC-CO 2 treated digestive enzymes can be used as a food ingredient in the food related industries.
